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Abstract
In this study, the first part was focused on the photodegradation of phenol. The
second part concerned a comparison between photocatalytic, biological, and
biophotocatalytic treatments. A full factorial experimental design methodology was
used to evaluate the effects of phenol concentration, TiO 2 concentration and pH on
phenol photodegradation. The mathematical model employed for 23 factorial design
with interaction verifies the good correlation between the observed and the
predicted response values with R2 and R2adj of 99.77% and 98.97% respectively.
Furthermore the model provides the excellent relationship between the independent
variables (factors) and the response. Under the optimal conditions values obtained
by the factorial experimental design methodology (phenol concentration 20 mg/L,
TiO2 concentration 2 g/L and pH 9), the predicted percentage of degradation was
64.09%. The combined photocatalytic-biological treatment significantly reduced
the degradation time of phenol. Thus, a complete phenol biodegradation of 100
mg/L occurs in 15 hours when using a photocatalytic as a pre-treatment, whereas
the biodegradation alone required 47 hours.

1. Introduction
The development in agriculture, energy sources, and chemical industries is necessary in order to fulfill the
needs and demands of the overgrowing human population. Almost all processes employed by man for the
production of goods and services lead to the production of environmental pollutants [1-3]. Some of these
pollutants are biologically recalcitrant and inhibitory organics, which greatly reduces microorganism ability to
biodegrade the compounds during treatment or in nature [4-6 ]
TiO2 heterogeneous photocatalysis process has gained wide attention due to its effectiveness in degrading
and mineralizing the recalcitrant organic compounds [7-9]. These allow compounds with complex structures to be
transformed into more biologically degradable and less toxic substances [8,10].
The rate and efficiency of a photocatalytic reaction depend on a number of factors which govern the
kinetics of photocatalysis. Among these parameters that could be cited: initial concentration of pollutant, mass of
catalyst, pH, volume of solution, radiant flux and agitation [11,12].
In recent years, the coupling between the heterogeneous photocatalytic and biological systems for the
treatment of different polluted effluents has been proposed recurrently and the success relies on reaching an
acceptable biodegradability with the shortest photocatalytic degradation (optimal treatment) and subsequently
applying biological degradation, which turns the overall process cheaper and more attractive option [13,14].
The first aim of the present work is to optimize the operational conditions of the photoreactor, and to test
the activity of a commercial photocatalyst, whereas the second aim is to compare between photocatalytic,
biological and combined photocatalytic-biological treatments.
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2. Materials and Methods
2.1. Chemicals
A commercial photocatalyst titanium (IV) oxide (TiO2) was obtained from Biochem Chemopharma, Quebec (99.5
% purity). Its molecular weight is 79.87 g/mol.
Phenol purchased from Merck Chemicals was used for all the photodegradation and biodegradation studies.
2.2. Biological material
The strain used in the present study is Pseudomonas aeruginosa ATCC27853, provided by Pasteur institute of
Algiers. The growth medium (GM) of the strain consisted of (g/L) peptone 10.0, beef extract 3.0, NaCl 5.0, at the
pH value 7.0, autoclaved at 121°C for 15 min.
A minimal culture medium (MM) contained the necessary nutrients for the growth of microorganisms. Its
composition (g/L) is: KH2PO4 1.5, K2HPO4 0.5, NaCl 0.5, MgSO4 .7H2O 0.5, NH4 NO3 3.0, FeSO4.7H2O 0.02,
CaCl2.2H2O 0.02.
2.3. Photoreactor
Photocatalytic degradation experiments are carried out in a photochemical reactor as schematically shown in
Figure 1. The photoreactor is composed of two compartments. The first one is a cylindrical vessel containing an
aqueous dispersion, which was mixed to ensure uniform mixing. The cylindrical vessel is covered with aluminum
foil to reflect irradiation exerting the outer of the vessel. An air pump is used to provide oxygen in order to
maintain an aerobic condition inside the vessel. The second compartment, where the photocatalytic reaction
occurs, is an inox-box which contains stairs (Figure 2) on the inside to increase surface contact. UV irradiation is
provided by a UV lamp (VILBER LOURMAT, FRANCE) which is placed in the middle of the box-cover. The UV
lamp emits at a wavelength of 365 nm.

Figure 1. Schematic diagram of the experimental setup.

Figure 2. The inside of the photoreactor.
Prior to irradiation, the dispersions were stirred in the dark for 30 min to the establishment of
adsorption/desorption equilibrium [15,16], and pH of the solution was beforehand adjusted by adding chlorhydric
acid (HCl, 1N) or sodium hydroxide (NaOH, 1N).
2.4. Photocatalytic degradation
Phenol degradation tests were carried out in the photoreactor in order to optimize the different factors that affect
this process using the factorial design. The photoreactor was filled with 3 L of an aqueous solution of phenol and
TiO2 at the desired concentrations. Samples taken at different times of irradiation were filtered through 0.45 μm
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Millipore disks to remove TiO2 particles before analysis [17,18]. Control experiments with no photocatalyst and in
the absence of illumination were performed, showing no significant phenol degradation or loss during the periods
of the used time.
2.5. Factorial design methodology
In order to optimize the experimental conditions for the photodegradation of phenol, a factorial design with three
factors at two distinct levels was performed. Table 1 presents the independent variables and the used levels.
Table 1.The levels and the range of variables in photodegradation experiment design.
Independent variables
Low (-1)
20
400
2.6

Phenol concentration (mg/L) (X1)
TiO2 concentration (mg/L) (X2)
pH (X3)

Coded variable level
Center (0)
High (+1)
60
100
1200
2000
5.8
9

2.6. Biodegradation tests
Phenol degradation tests were performed in a batch bioreactor at 37°C under aerobic conditions with free cells of
Pseudomonas aeruginosa ATCC27853.
2.7. Coupling of photocatalysis and biological treatment
To investigate the efficiency of the coupling of photocatalysis and biological treatment, different times (4 h, 6 h,
and 8 h) of photocatalytic phenol degradation were considered before the biological treatment. The used procedure
for coupling of photocatalysis and biological treatment was as follows:
- After different periods of photodegradation, solution was transferred to 2 L flasks for biological treatment
- Appropriate nutrient medium (mentioned above) was added to the flasks
- The inoculum of P. aeruginosa was added to the solution
- Sampling at different time intervals was measured regularly.
2.8. Analyses
Phenol was quantified by a colorimetric method based on its condensation with 4-aminoantipyrine in the presence
of an oxidizing agent, potassium ferricyanide, in an alkaline medium to give a red complex [19]. The absorbance
was determined by a spectrophotometer (Shimadzu 1601) at a 510 nm wavelength.
3. Results and discussion
3.1. Factorial design methodology
The design matrix of coded values for factors and the response Y, measured in each factorial experiment is shown
in Table 2. The response, Y, represents the phenol degradation percentage.
Table 2. Experimental values for the phenol degradation percentage.
Experiment number
1
2
3
4
5
6
7
8
9
10

X1
-1
+1
-1
+1
-1
+1
-1
+1
0
0
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X2
-1
-1
+1
+1
-1
-1
+1
+1
0
0

X3
-1
-1
-1
-1
+1
+1
+1
+1
0
0

Response (Y)
30.61
14.1
0
17.56
55
1.78
64.56
32.95
24.72
24.72
3955

The codified mathematical model employed for 23 factorial designs with interaction [20,21] was represented as
follows:
Y = a0 + a1 X1 + a2 X2 + a3 X3 + a12 X1X2 + a13 X1X3 + a23 X2X3 + a123 X1X2X3

(1)

In Eq.(1), Y is the estimated response which represents the % of phenol degradation, a 0 is the independent
coefficient (a constant term), ai (i=1,2,3) are the linear coefficients for the variables, phenol concentration, TiO 2
concentration, and pH respectively, aij represents the coefficients of the interaction parameters Xi and Xj with i< j.
The coefficients ai, aij, aijk were determined by using JMP® 8 software [21,22].
Substituting the coefficient ai, aij, aijk in the equation by their values (Table 4), the mathematical model selected
will be the following:
Y = 26.6 - 10.4725 X1 + 1.6975 X2 +11.5025 X3 + 6.96 X1X2 - 10.735 X1X3 + 8.485 X2X3 – 1.5575 X1X2X3 (2)
Figure 3 shows the predicted values versus the experimental values of the percentage of degradation of phenol.
The high values of R2 = 99.77% and R2 adjusted = 98.97% indicate that the model was successful in correlating
the response to the studied parameters so a good predictability of the model [23,24].

Regression line

Average of the response

Figure 3. Comparison of the experimental and the estimated response at variable’s levels.
3.2. The Student’s t-test
The Student’s‘t’ test was used to determine the significance of the regression coefficients of the parameters [20].
Table 3. Estimated regression coefficients for the phenol degradation percentage.
Parameters
Constant (a0)
Phenol (a1)
TiO2 (a2)
pH (a3)
Phenol-TiO2 (a12)
Phenol-pH (a13)
TiO2-pH (a23)
Phenol-TiO2-pH (a123)

Estimate
26.6
-10.4725
1.6975
11.5025
6.96
-10.735
8.485
-1.5575

Standard error
0.970265
1.08479
1.08479
1.08479
1.08479
1.08479
1.08479
0.743135

t-value
27.42
-9.65
1.56
10.6
6.42
-9.9
7.82
-2.10

p-value
0.0001*
0.0024*
0.2156
0.0018*
0.0077*
0.0022*
0.0044*
0.1711

(*p-value < 0.05)
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The Student’s t-test and P-value were used to determine the significance of the regression coefficients of the
parameters. More significant the terms of coefficient if the value of ‘t’ is larger and value of ‘P’ is smaller (<0.05).
The final models in terms of coded parameters after excluding the insignificant terms (as indicated in Table 3) is
given in Eq. 3:
Y=26.6 - 10.4725 X1 + 11.5025 X3 + 6.96 X1X2 - 10.735 X1X3 + 8.485 X2X3

(3)

This function describes how the experimental variables and their interactions influence the percentage of
degradation of phenol [11, 25]. The positive value of the main effect indicates an increase of percentage phenol
degradation in going from the low to the high level of the factor.
As shown in Table 3, the phenol concentration and pH medium have a negative and a positive effect, respectively.
It means that the photocatalytic reaction would be thus favored at a low initial concentration of phenol and high
pH medium.
The TiO2 concentration has no effect on the response but has a significant interaction effect with the initial phenol
concentration and the pH medium.
3.3. Interaction plots
An interaction (Figure 4) is effective when the change in the response from low to high levels of a factor is
dependent on the level of a second factor, i.e. when the lines do not run parallel [25]. Figure 5 shows the
significant interactions between the parameters (phenol concentration and pH, TiO2 concentration and pH, phenol
concentration and TiO2 concentration).
The interaction plots were also generated with ANOVA. All the interactions of the factors were statistically
significant in determining % phenol degradation. These plots clearly indicated that interaction between phenol
concentration and pH (X1X3) was stronger than between TiO2 concentration and pH (X2X3). The interaction
between phenol concentration and TiO2 concentration (X1X2) was statistically significant but much smaller.

Figure 4.Interaction plot for the phenol degradation percentage.

Terme
pH
phenol*pH
phenol
TiO2*pH
phenol*TiO2
TiO2
phenol*TiO2*pH

Rapport t
15,47834
-14,44555
-14,09232
11,41784
9,36572
2,28424
-2,09585

Figure 5. Pareto chart of the standardized effects
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3.4. Analysis of variance (ANOVA)
In order to establish a correlation between the model prediction and the experimental response, analysis of
variance (ANOVA) was used to test the goodness of fit for the polynomial coefficients of the response Y [26].
F-value is a statistically valid measure of how well the factors describe the variation of the data about the mean.
Analysis of variance (ANOVA), indicated in Table 4, demonstrates that the regression model was highly
significant. The F-value obtained (59.5972) was higher than the tabular value (F0.05,5,4= 6.26) and indicates a good
adherence of the model to the experimental results at 95% confidence level.
Table 4. Analysis of variance (ANOVA)
Source
Model
Residual (error)
Correlation total

Sum of Squares
3821.2625
51.2945
3872.5570

DF
5
4
9

Mean square
764.253
12.824

F-value
59.5972

3.5. Estimation of optimal design conditions by the method of desirability function
The method of desirability function was used to obtain the maximum of % phenol degradation. The optimum
conditions, i.e. the best combination of factor settings for achieving the optimum response was found to be: phenol
concentration 20 mg/L, TiO2 concentration 2000 mg/L and pH 9 for a predicted response of 64.09% with a
desirability value of 0.91023 (Figure 6).
These results are found to be in good accordance with those obtained from the surface plot (Figure7). The surface
plot is a useful approach in terms of optimization of the response. Figure 7 shows that with the decrease in initial
phenol concentration, the percentage of degradation of phenol increases with a high pH. The Optimum region is
attained at the high level of pH and low level of phenol concentration.
The effect of pH is a complex issue closely related to the properties of the substrate in question and the amphoteric
behavior of TiO2. The highest efficiency in our study was observed at pH 9. Similar observations have been made
by other researchers for phenol and several other types of pollutants [15,27,28].
The highest efficiency of degradation in alkaline pH could be attributed to the more efficient generation of
hydroxyl radicals by TiO2 with increasing concentration of hydroxide ion [27].
According to the literature reports [27,28,29], the degradation rates of phenol and other types of pollutants in the
presence of TiO2 increase with the increase in catalyst concentration up to 2 g/L and a further increase in catalyst
concentration leads to a decrease in degradation rates. The optimum of catalyst concentration is 2 g/L which is
agreed with our result obtained from the factorial experimental design. At high TiO 2 concentration, particles
aggregate which in turn reduces the interfacial area between the reaction solution and the photocatalyst. Thus, the
number of active sites on the catalyst surface decreased. The increase in opacity and light scattering by the particle
may be the other reasons for the decrease in the degradation rate at higher catalyst concentration [30,29].

Figure 6. Desirability functions for the optimization of the response
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Figure 7. Response surface plot showing the effect of phenol concentration and pH on phenol degradation
percentage.
3.6. Biodegradation
Figure 8 shows the results achieved in terms of % of residual phenol; 100 mg/L of phenol were degraded by P.
aeruginosa at 37°C in aerobic conditions. It can be observed that the time of a complete biodegradation was 47
hours. The same result was found by Ali et al [31].

% Residual phenol

120
100
80
60
40
20
0
0

20

40

60

Time (h)

Figure 8. Phenol biodegradation
3.7. Coupling of photocatalysis and biological treatment
Table 5 indicates the value of the time and the percentage of phenol degradation by photocatalysis and biological
treatment.
Table 5. Photocatalytic and biological treatments
Photocatalytic treatment alone
Biological treatment alone

% of phenol degradation (%)
32
100
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Treatment time (h)
24
47
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In 24 hours, 32% of phenol was degraded with a photocatalytic treatment alone, and a complete degradation was
reached in 47 hours by the biological treatment alone. The table 6 presents the coupling of photocatalytic and
biological treatments. The percentage of phenol degradation with biological treatment in combined process was
determined after different periods of photodegradation (4, 6 and 8 hours).
Table 6. Coupling of photocatalytic and biological treatments
Photocatalytic pre-treatment
time (h)

% of phenol degradation
after the pre-treatment (%)

Complete biodegradation time (h)
after photocatalytic pre-treatment

4
6
8

0.5
1.1
14

24
18
15

The coupling of the two processes was found to be effective in treating phenol. An initial phenol concentration of
100 mg/L required 15 h for complete biodegradation after 8h of photocatalytic pre-treatment.

Conclusion
The efficiency of photocatalytic degradation of phenol by using the commercial Titanium (IV) oxide (TiO2) as a
catalyst in aqueous solution was studied.
The findings suggested that various operating parameters such as initial concentration, catalyst amount and initial
pH of the reaction medium can significantly influence the photocatalytic degradation rate of phenol.
This study showed that factorial experimental design approach is an excellent tool and could successfully be used
to develop the empirical equation for the prediction and understanding of phenol photocatalytic degradation
efficiency and also for determination of optimum conditions maximizing the phenol removal.
As observed from the empirical equation, the initial pH of the solution had the greatest effect on the phenol
degradation percentage, followed by phenol concentration-pH interaction, phenol concentration,
TiO2concentration-pH interaction, and phenol concentration-TiO2 concentration interaction respectively.
The best operational values obtained by factorial experimental design methodology were 20 mg/L phenol
concentration, 2 g/L TiO2 concentration at pH 9. In these conditions, phenol percent removal was 64.09%,
achieved after 24 h of irradiation.
The coupling of two processes (photocatalysis and biodegradation) was found to be effective in treating phenol.
An initial phenol concentration of 100 mg/L required 15 h of biological treatment for complete mineralization
when treated with combination process, whereas the treatment went on up to 47 h when biodegradation alone was
employed, and non-complete degradation with only the photocatalysis process (32% of phenol was degraded in 24
h).
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